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Peat Exchangers 


Heaf exchangers are devices that facilitate the exchange of heat between two 
|^|;that are at different temperatures while keeping them from mixing with 
f|§|f)ther. Heat exchangers are commonly used in practice in a wide range 
Applications, from heating and air-conditioning systems in a household, to 
jSEffical processing and power production in large plants. Heat exchangers 
@prom mixing chambers in that they do not allow the two fluids involved 
t^xt In a car radiator, for example, heat is transferred from the hot water 
^|ing through the radiator tubes to the air flowing through the closely 
spaced thin plates outside attached to the tubes. 

^Heat transfer in a heat exchanger usually involves convection in each 
fluTd and conduction through the wall separating the two fluids. In the analy- 
silfpfcheat exchangers, it is convenient to work with an overall heat transfer 
coefficient U that accounts for the contribution of all these effects on heat 
transfer. The rate of heat transfer between the two fluids at a location in a 
heat exchanger depends on the magnitude of the temperature difference at 
tBplocation, which varies along the heat exchanger. In the analysis of heat 
gangers, it is usually convenient to work with the logarithmic mean tem- 
perature difference LMTD, which is an equivalent mean temperature differ- 
Iggbetween the two fluids for the entire heat exchanger. 

Heat exchangers are manufactured in a variety of types, and thus we start 
ifiiiScnapter with the classification of heat exchangers. We then discuss the 
PJtfrmination of the overall heat transfer coefficient in heat exchangers, and 
Uj^ogarithmic mean temperature difference LMTD for some configurations. 
Shen introduce the correction factor F to account for the deviation of the 
Seffi^temperature difference from the LMTD in complex configurations, 
efee discuss the effectiveness-NTU method, which enables us to analyze 
beat exchangers when the outlet temperatures of the fluids are not known. 
§iQ§Uy, we discuss the selection of heat exchangers. 

3' 
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CHAPTER 10 
Heat Exchangers 


10-1 m TYPES OF HEAT EXCHANGERS 

Different heat transfer applications require different types of hardy^ 
different configurations of heat transfer equipment. The attempt to >! 


heat transfer hardware to the heat transfer requirements within the |pf|| 
constraints has resulted in numerous types of innovative heat excffjT 
designs. 

The simplest type of heat exchanger consists of two concentric | 
different diameters, as shown in Figure called the double-pi|j 
exchanger. One fluid in a double-pipe heat exchanger flows throu^fi 
smaller pipe while the other fluid flows through the annular space^g^L 
the two pipes. Two types of flow arrangement are possible in a do||^ 
heat exchanger: in parallel flow, both the hot and cold fluids enter the k - 
exchanger at the same end and move in the same direction. In counter .„ 
on the other hand, the hot and cold fluids enter the heat exchanger at opposi 
ends and flow in opposite directions. 

Another type of heat exchanger, which is specifically designed to reali, 
a large heat transfer surface area per unit volume, is the compact heafe 
changer The ratio of the heat transfer surface area of a heat exchanger W 


FIGURE 101 

Different flow regimes and associated temperature profiles in a double-pipe heat exchanger. 
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(T , itrea demity p. A heat exchanger with 3 > 700 m 2 /m 3 

v^^Wffifesified as being compact. Examples of compact 
^^Ir^diators flJ 


" ; '}I^5ified as being compact, bxampies or compact heat 
L 1 ' 'I « 1000 m 2 /m 3 ), glass ceramic gas turbine 
u igOQO m 2 /ni 3 ) ? the regenerator of a Stirling engine 
^ ;uK | the human lung (p 20.000 m 2 /m 3 ). Compact heat 
> t iv co achieve high heat transfer rates between two fluids in 
->,$*^ ♦ / t hev are commonly used in applications with strict limi- 
^M.hi and volume of heat exchangers (Fig. 10-2). 

p^g|rea' ; ^in compact heat exchangers is obtained by 
% ^^^ithiffp^e or corrugated fins to the waits separating 


, ^m^^^m^ 1 heat 5 exchangers are commonly used in gas-to-gas 

heat exchan S ers 10 counteract the low heat 
^ i^^i^^^^^^^^^Kred'with gas flow with increased surface area. In a 
^* f,. ^ j $ a ,vvater-to-air compact heat exchanger, for example, it 
' ^^^^*atlin^ are attached to the air side of the tube surface. 


JPJfeto heal exchangers, the two fluids usually move perpendicular 
1 "^Parnl St^n flow con figu rat i on is called cross-flow. The cross- 
unmixed and mixed flow, depending on the flow 
aK s | 10Wt1 in Figure 10-3. in (a) the cross-flow is said to be 
late fins force the fluid to flow through a particular interim 
t it from moving in the transverse direction (i.e., parallel 
|^^r@-flow in (b) is said to be mixed since the fluid now is 
^^^^igffiv^rse.'ciirection. Both fluids are unmixed in a car 
^^^^^g>&ix|ng in the fluid can have a significant effect, on 



common type of heat exchanger in industrial applica- 
p4ube heat exchanger, shown in Figure 10-4. Shell-and- 
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FIGURE 10-2 

A gas-to-liquid compact heat exchanger 
for a residential air-conditioning 
system. 
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FIGURE 10-3 

Different flow configurations in cross- 
flow heat exchangers. 


Cross-flow 
{unmixed) 



Cross-flow 
{mixed) 


Tube flow 
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(a) Both fluids unmixed 


(b) One fluid mixed, one fluid unmixed 


tube heat exchangers contain a large number of tubes (sometimes 
hundred) packed in a shell with their axes parallel to that of the shell. Hi 
transfer takes place as one fluid flows inside the tubes while the othefffjf 
flows outside the tubes through the shell. Baffles are commonly placed in t 
shell to force the shell-side fluid to flow across the shell to enhance hen' 
transfer and to maintain uniform spacing between the tubes. Despite theif : - - 
widespread use, shell-and-tube heat exchangers are not suitable far£§§ 
in automotive, aircraft, and marine applications because of their relaiive|f 
large size and weight. Note that the tubes in a shell-and-tube heat excha 
open to some large flow areas called headers at both ends of the shell wh 
the tube-side fluid accumulates before entering the tubes and after 
ing them. -, ?| 

Shell-and-tube heat exchangers are further classified according to I 
number of shell and tube passes involved. Heat exchangers in which/lffi 
tubes make one U-turn in the shell, for example, are called one-sheltjk 
and two-tube pass heat exchangers. Likewise, a heat exchanger that in^Hfe 
two passes in the shell and four passes in the tubes is called a two-shell pe** 
and four-tube pass heat exchanger (Fig. 10-5). t 

An innovative type of heat exchanger that has found widespread use J* 
the plate and frame (or just plate) heat exchanger, which consists of a series 


FIGURE 104 

The schematic of a shell-and-tube heat exchanger (one-shell pass and one-tube pass). 
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| plates with corrogated flat flow passages (Fig, 10-6), The hot and cold 
fipds flow in alternate passages, and thus each cold fluid stream is surrounded 
by two hot fluid streams, resulting in very effective heat transfer. Also, plate 
heat exchangers can grow with increasing demand for heat transfer by simply 
counting more plates. They are well suited for liquid-to-liquid heat exchange 
applications, provided that the hot and cold fluid streams are at about the 
same pressure. 

Another type of heat exchanger that involves the alternate passage of the 
hot and cold fluid streams through the same flow area is the regenerative 
keat exchanger, The static-type regenerative heat exchanger is basically a 
porous mass that has a large heat storage capacity, such as a ceramic 
| vvirc mesh. Hot and cold fluids flow through this porous mass alternatively. 
Heat is transferred from the hot fluid to the matrix of the regenerator dur- 
||f|;the flow of the hot fluid, and from the matrix to the cold fluid during the 
°f * e co ' d fl u *d- Thus, the matrix serves as a temporary heat storage 
medium. 

The dynamic-type regenerator involves a rotating drum and continuous 
; flow of the hot and cold fluid through different portions of the drum so that 


FIGURE 10-6 

A plate -and -frame liquid-lo-liquid heat exchanger (courtesy of Trame Corp.). 


Shell-side fluid 
In 



(a) One-shell pass and two-tube passes 


Shell-side fluid 
In 




(b) Two-shell passes and four-tube passes 

FIGURE 10-5 

Multipass flow arrangements in shell- 
and-tube heat exchangers. 
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FIGURE 10*7 

Thermal resistance network associated 
with heat transfer in a double-pipe heat 
exchanger. 


FIGURE 10*8 

The two heat transfer surface areas 
associated with a double -pipe heat 
exchanger (for thin tubes, D t * D t > 
and thus A s ** A„). 

.A 



any portion of the drum passes periodically through the hot stream,^ 
heat, and then through the cold stream, rejecting this stored heat. Agan M 
drum serves as the medium to transport the heat from the hot to the co|P ? 
stream. Jp 

Heat exchangers are often given specific names to reflect the s 
application for which they are used. For example, a condenser 
exchanger in which one of the fluids gives up heat and condenses as i|| 
through the heat exchanger. A boiler is another heat exchanger in i 
one of the fluids absorbs heat and vaporizes. A space radiator is a'hgu, 
changer that transfers heat from the hot fluid to the surrounding spa* 
radiation. 


10-2 m THE OVERALL HEAT TRANSFER COEFFICIENT 

A heat exchanger typically involves two flowing fluids separated by a s. 
wall Heat is first transferred from the hoi fluid to the wall by convert' 
through the wall by conduction, and from the wall to the cold fluid api 
convection. Any radiation effects are usually included in the convectioi 
transfer coefficients. f 
The thermal resistance network associated with this heat transfer^ 
involves two convection and one conduction resistances, as shown in Figim$ 
Here the subscripts / and a represent the inner and outer surfaces of thei 
tube. For a double-pipe heat exchanger, we have A f ~ ~DJL and A ft ~;WM 
and the thermal resistance of the tube wall in this case is 


„ In {DJDj) 


2vkL 


where k is the thermal conductivity of the wall material and L is thefa** 
the t ube. Then the total thermal resistance becomes * 


If | In (DJD t ) jf^ 



The A; is the area of the inner surface of the wall that sepamtCflP 
fluids, and A f> is the area of the outer surface of the wall. In other won 1 
and A 0 are surface areas of the separating wall wetted by the i nne f|i_ 
outer fluids, respectively. When one fluid flows inside a circularjS 
the other outside of it, we have A, « nD { L and A <} = vD t £ (Fig. l0 j|£ 
In the analysis of heat exchangers, it is convenient to "combine^ 
thermal resistances in the path of heat flow from the hot fluid ta|ifei 
one into a single resistance R, as we discussed in Chapter 3, and r 
the rate of heat transfer between the two fluids as 
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* you are wondering why we have two overall heat transfer coefficients 
and d> for a heal exc hanger. The reason is that every heat exchanger has 
i^vo transfer surface areas /\; and A pf which, in general, are not equal to 
^^other. 

Jlf<Npte that = (4/\^ but {/, * U f , unless Af = Therefore, the overall 
|i|||ftransfer coefficient t/of a heat exchanger is meaningless unless the area 
I ^ it- which it is based is specified. This is especially the case when one side of 
^etube wall is tinned and the other side is not, since the surface area of the 
■jgj^|ide is several times that of the unfinned side. 

When the wall thickness of the tube is small and the thermal conductivity 
Jlflii'tube material is high, as is usually the case, the thermal resistance of 
tube is negligible (J? wall 0) and the inner and outer surfaces of the tube 
pnost identical 04, ** A„ A). Then Equation 10-4 for the overall heat 
jfer coefficient simplifies to 




HS^re "U U; U<>- The individual convection heat transfer coefficients 
ffinsf(le and outside the tube, h t and h„ are determined using the convection 
^relations discussed in earlier chapters. 

The overall heat transfer coefficient U in Equation 10-5 is dominated by 
^Kmmlier convection coefficient, since the inverse of a large number is 
^Siai IS When one of the convection coefficients is much smaller than the 
other (say. h t < h 0 ), we have 1//?, 5 > l/h 09 and thus U h r Therefore, the 
taller heat transfer coefficient creates a bottleneck on the path of heat flow 
Hid seriously impedes heat transfer. This situation arises frequently when 
one of the fluids is a gas and the other is a liquid. In such cases, tins are 
Kmnbnly used on the gas side to enhance the product UA and thus the heat 
fer on that side, 

epresentative values of the overall heat transfer coefficient U are given 
We 10- 1. Note that the overall heat transfer coefficient ranges from about 
W/nr • °C for gas-to-gas heat exchangers to about 10,000 W/nr - °C for 
tot exchangers that involve phase changes. This is not surprising, since gases 
" very low thermal conductivities, and phase-change processes involve 
high heat transfer coefficients. 

When the tube is finned on one side to enhance heat transfer, the total 
intnsfer surface area on the fined side becomes 


A ~~ ^ total ~~ ^ftn 


'4 A 


unfmneU 


nit is W/mJ 
efficient i r Caft«^, 



■E^iAfin is the surface area of the fins and /4 unnnncd is the area of unfinned 
xtion of the tube surface. For short fins of high thermal conductivity, we 
fUltuse this total area in the convection resistance relation R vmw = 1/hA since 
||he fins, in this case will be very nearly isothermal. Otherwise, we should 
^Brmine the effective surface are A from 
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TABLE 10*1 

Representative values of the overall heat transfer coefficients 
in heat exchangers 


Type of heat exchanger 


Water-to-water 
Water~to-oif 

Water-to-gasoiine or kerosene 
Feedwater heaters 
Steam-to-Nght fuel oil 
Steam-to-heavy fuel oil 
Steam condenser 
Freon condenser (water cooled) 
Ammonia condenser (water cooled) 
Alcohol condensers (water cooled) 
Gas-to-gas 

Water-to-air in finned tubes (water in tubes) 
Steam-to-air in finned tubes (steam in tubes) 


U W/m 2 ,«cy 


850-1700 
100-350 y 
300-1 000 
1000-6S6tf 
200-400 * 

50-200. 
100O-6Q00 
300-10CXK 
8CK)-14p0: : 
250-700^ 

10-40 ' 

30-60* : :1 
400-850*' 

30-300 r 
400-4000^: 


'Multiply the listed values by 0. 1 76 to convert them to Btu/h • ft 2 • 6 R 

t 8ased on air-side surface area. 

*Based on water- or steam-side surface area. 


where i\ fm is the fin efficiency. This way, the temperature drop along the I 
is accounted for. Note that % m = 1 for isothermal fins, and thus E^g[ 
J 0-7 reduces to Equation 10-6 in that case. P 



Fouling Factor 'jm 

The performance of heat exchangers usually deteriorates with time as a resu't 
of accumulation of deposits on heat transfer surfaces. The layer of deposes 
represents additional resistance to heat transfer and causes the rate of fSJL 
transfer in a heat exchanger to decrease. The net effect of these accum«fc*;|l 
tions on heat transfer is represented by a fouling factor R p which is a mea^|f 
of the thermal resistance introduced by fouling, 1^1 

The most common type of fouling is the precipitation of solid de|p|§ 
in a fluid on the heat transfer surfaces. You can observe this type of fq|S 
even in your house. If you check the inner surfaces of your teapot T"" 
prolonged use, you will probably notice a layer of calcium-based depos| 
the surfaces at which boiling occurs. This is especially the case in areasV 
the water is hard . The scales of such deposits come off by scratching, &4jpn 
surfaces can be cleaned of such deposits by chemical treatment. Now imSi 
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FIGURE 1 0-9 

Precipitation fouling of ash particles on 
superheater tubes (from Steam, Its 
Generation, and Use, Babcock and 
Wilcox Co., 1 978). 


llf;. 


flflhose mineral deposits forming on the inner surfaces of fine tubes in a heat 
exchanger (Fig. ! 0-9) and the detrimental effect it may have on the flow 
psage area and the heat transfer. To avoid this potential problem, water in 
ply and process plants is extensively treated and its solid contents are 
pyed before it is allowed to circulate through the system. The solid ash 
Ijp^les in the flue gases accumulating on the surfaces of air preheaters 
^: create similar problems. 

fe; : Another form of fouling, which is common in the chemical process in- 
^tfyi.'is- corrosion and other chemical fouling. In this case, the surfaces are 
fiSid by the accumulation of the products of chemical reactions on the 
Surfaces. This tbrm of fouling can be avoided by coating metal pipes with 
,glassor using plastic pipes instead of metal ones. Heat exchangers may also 
befouled by the growth of algae in warm fluids. This type of fouling is called 
oh tgical fouling and can be prevented by chemical treatment, 
^applications where it is likely to occur, fouling should be considered 
£ the "design and selection of heat exchangers. In such applications, it may 
k necessary to select a larger and thus more expensive heat exchanger to 
Wre that it meets the design heat transfer requirements even after fouling 
ars. The periodic cleaning of heat exchangers and the resulting down time 
- additional penalties associated with fouling. 
The fouling factor is obviously zero for a new heat exchanger and in- 
j|||es with time as the solid deposits build up on the heat exchanger surface. 

fouling factor depends on the operating temperature and the velocity of 
'ne fluids, as well as the length of service. Fouling increases with increasing 
tperature and decreasing velocity. 

ghe overall heat transfer coefficient relation given above is valid for clean 
J|||ces and needs to be modified to account for the effects of fouling on 
imh the inner and the outer surfaces of the tube. For an unfinned shell -and- 
* heat exchanger, it can be expressed as 
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TABLE 10-2 


Representative fouling factors 
(thermal resistance due to fouling for 
a unit surface area) 



Ru 

Fluid 

m z °C/W 

Distilled water, sea 


water, river water. 


boiler f eed water : 


Below 50°C 

0.0001 

Above 50°C 

0.0002 

Fuel oil 

0.0009 

Steam (oil-free) 

0.0001 

Refrigerants (liquid) 

0.0002 

Refrigerants (vapor) 

0.0004 

Alcohol vapors 

0.0001 

Air 

0,0004 


Source: Tubular Exchange Manufacturers 
Association. 


Hot oil 


0.8 k^As i 


" linn 


-: ,■>,■: 


3 cm 


Cold 
water 

— a 

0.5 kg/s 


FIGURE 10-10 

Schematic for Example KM. 




1 


ft 


where A t ~ itD,£, and A a = trD^ are the areas of inner and outer surfal 
and and R f „ are the fouli ng factors at those surfaces. 

Representative values of fouling factors are given in Table 10-2. More 
comprehensive tables of fouling factors are available in handbooks. As you 
would expect, considerable uncertainty exists in these values, and they 
be used as a guide in the selection and evaluation of heat exchangerf m:i 
account for the effects of anticipated fouling on heat transfer. Note that most 
fouling factors in the table are of the order of I0~ 4 nr * °CAV, whichjis 
equivalent to the thermal resistance of a 0.2-mm-thick limestone layer 
(k = 2.9 W/m • °C) per unit surface area. Therefore, in the absence of 
data, we can assume the surfaces to be coated with 0.2 mm of limestpll 
starting point to account for the effects of fouling. 

EXAMPLE 1 0*1 Overall Heat Transfer Coefficient of a Heat ExchangeSp 

Hot oil is to be cooieci in a double-tube counter-flow heat exchanger. The copper; 
inner tube has a diameter of 2 cm and negligible thickness. The inner diameieg 
of the outer tube (the shell) is 3 cm. Water flows through the tube at a rate^jf 1 
0.5 kg/s, and the oil through the shell at a rate of 0.8 kg/s. Taking the avei 
temperatures of the water and the oil to be 45°C and 80°C, respective)! 
mine the overall heat transfer coefficient of this heat exchanger . V, 

Solution Hot oil is cooled by water in a double-tube counterflow 
changer, The overall heat transfer coefficient is to be determined. . 

Assumptions 1 The thermal resistance of the inner tube is negligible .s!ng|» 
tube material is highly conductive and its thickness is negligible. 2 ^p9H 
and water flow are fully developed 3 Prober ties of the oil and water are"* 

Properties The properties of water at 45°C are (Table A-9) 

p^990kg/m 3 Pr - 3.91 
k m 0.637 W/m • °C v - pjp - 0.602 x 10"* m 2 /s 

The properties of oil at 80°C are (Table A- 10). 


h is greater tr 
£ flow to be fully 

k 


p - 852 kg/m 3 
k~ 0.138 W/m « 


Pr= 490 
°C v =37.5x 10~ 6 m 2 /s 


Analysis The schematic of the heat exchanger is given in Figure ifo^ 
overall heat transfer coefficient l/can be determined from Equation 

11.1 
_ + 

U h f h 0 

where h> -and h Q are the convection heat transfer coefficients .inside_ag^3» 
the tube, respectively, which are to be determined using the forced ipSB 
relations discussed In Chapter 6. 

The hydraulic diameter for a circular tube is the diameter of the 
D h ~ D ^ 0.02 m. The average velocity of water in the tube and the 
number are 



(ft 


0.5 kg/s 


■« 1.61 m/s 


HHW^P 2 ) (990kg/m 3 )[iTT(0.02m) 2 ] 

llllll l: : 

YJD h (1.61m/sK0,02m) 
• R %T" 0.602 x 10- 6 m a /s W * 90 

^^}00. Therefore, the flow of water is turbulent. Assuming 
le'vt lopecl, the Nusselt number can be determined from 

WSB$J023 Re°' a Pr° - = 0.023(53,490)° 3 (3.91)°- 4 = 240.6 
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« K _ 0 637 W/m 
Bn^m?' ■ ■ 0.02 m 


; (240.6)= 7663 W/m 2 -°C 

' ' 

+ repeal tfie analysis above for oil. The properties of oil at 80°C are 
I 852 kg/rn 3 1 * * 37.5 X 1CT 6 m 2 /s 

^1^1 38 W/m Pr- 490 

JpiKeter for the. annular space is 

pt : ~ D<> 0.03 - 0.02 - 0.01 m 
Q^^rfed the Reynolds number in this case are 
^ m _ 0-8 kg /s 


Kff)] s ' (852 kg/m 5 )[l^(0.03^ - 0.02 2 )] m* 


* 2.39 m/s 


7 D * (2.39 m/s)(0,0lm) _ 7 

Re - — - 37(5x1cr s m : Vs - 637 


^^^^Knierefore, the flow of oil is laminar Assuming fully devel- 
^f|c|i||'number on the tube side of the annuiar space Nu,corre- 


Rfl^Oft » 0 02/0.03 - 0.667 can be determined from Table 10-3 by 


Nu = 5.45 


Jiff-' 0.138 W/m • °C /C _ 2 ~ 

l^n 0.01m 

BrairhWt'transfer coefficient (or this heat exchanger becomes 

f ^{^ff w w/m" • w u + 75.2 W/m 2 * °C 

U«* ^tn this case, since h f & h 0 . This confirms our earlier 
ffi!lMeKyera!l heat transfer coefficient in a heat exchanger is 


TABLE 103 

Nusselt number for fully developed 
laminar flow in a circular annul us 
with one surface insulated and the 


other isothermal 


Nut 

Nu Q 

0,00 


3.66 

0.05 

17.46 

4.06 

0.10 

11,56 

4.11 

0.25 

7.37 

4.23 

0,50 

5.74 

4.43 

1.00 

4.86 

4.86 


Source: Kays and Perkins, Ref, 8. 
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Cold fluid 

Outer layer of fouling 


Inner layer of fouling 



/>> * I.Scm 
h s = S0GW/m 2 "C 


/> = 1.9 em 


0 (XK)4 m 3 «°C/W 


h 0 =1200VV/m 2c C 
ff ;<) = 0.0001 m 2o C/W 

FIGURE 10*11 

Schematic for Example 10-2, 


dominated by the smaller heat transfer coefficient when the difference beg 
the two values is large. 

To improve the overall heat transfer coefficient and thus the heat transfer is 
this heat exchanger, we must use some enhancement techniques on the olliflf 
such as a finned surface, 

EXAMPLE 10-2 Effect of Fouling on the Overall Heat Transfer Coefficient 

A double-pipe (sheil-and-tube) heat exchanger is constructed of a stainless 
steel (k = 15.1 W/m * °C) inner tube of inner diameter D { « 1.5 cm and outer 
diameter D a - t .9 cm and an outer shell of inner diameter 3.2 cm. The convec- 
tion heat transfer coefficient is given to be h, =* 800 W/m 2 * °C on the inner ; s|^^ 
of the tube and h 0 - 1200 W/m 2 • °C on the outer surface. For a fouling faclS 
R u - 0.0004 m ? ♦ °C/W on the tube side and R Lo - 0,0001 m 2 > °C/W on the she| 
side, determine (a) the thermal resistance of the heat exchanger per unit length 
and (b) the overall heat transfer coefficients, U and U c based on the inner^- 
outer surface areas of the tube, respectively. v : f 


Solution The heat transfer coefficients and the fouling factors on tube.amT 
shell side of a heat exchanger are given. The thermal resistance and the ov|a| l 
heat transfer coefficients based on the inner and outer areas are ttetf -; 
determined. 

Assumptions The heat transfer coefficients and the fouling factors are co 
and uniform. "■ f 

Analysis (a) The schematic of the heat exchanger is given in Figure 
thermal resistance for an unfinned sheli-and-tuhe heat exchanger with fouiif 
both heat transfer surfaces is given by Equation 10-8 as 


UA 


1 _ 1 ^ 1 t Ru, ln(Q/Q) ; R ro , 1:1: 
UjAf U 0 A Q h f Ai Ai ' 2nkL A Q " r h 0 A§. 


where 


Af = irQL «7r(0.01Sm)(1 m) - 0.0471 m 2 
A 0 » <rtD Q L - 77(0.019 m)(1 m) - 0.0597 rn 2 

Substituting, the total thermal resistance is determined to be 


1 


0.0004 m 2 - °C/W 


(800 W/m 2 ••CX0.0471 m 2 )* 0,0471 m 2 
i In (0.019/0.015) 
2tt( 1 5.1 W/m* °C)(1 m) 

+ 0 0001 m 2 ; °C/W + 1 

* 0.0597 m 2 * ( 1 200 W/m 2 • °C)(0.0597 m 2 ) 
■= (0.02654 + 0.00849 + 0.0025 -f 0.00168 + 0.01396rC/Vffl 
« 0,0532°C/W 

Discussion Note that about 19 percent of the total thermal resistBj§§ 
case is due to fouling and about 5 percent of it is due to the steel tubefj 
the two fluids. The rest (76 percent) is due to the convection restsianfg 
two sides of the inner tube. 


|<' ta i thermal resistance and the heat transfer surface areas, the 
Sf%£oefficient based on the inner and outer surfaces of the tube 
2 s a m f rom Equation 10-8 to be 


m &A, ~~ (0.0532 °C/W)(0.0471 m 2 ) 


- 399.1 W/m 2 ■ °C 
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~£a2- r (0.0532 °C/W)(0.0597 rn 2 ) 

■ • • - 


= 314.9W/m 2o C 


at the two overall heat transfer coefficients differ significantly 
$ this base because of the considerable difference between the 

p«^^^^S» the difference between the two overall heat transfer co- 
Blbe negligible. 


^pi;S OF HEAT EXCHANGERS 

llltl lis.''/ ' 

neers are commonly used in practice, and an engineer often finds 
fSersllf in a position to select a heat exchanger that will achieve a 
future change in a fluid stream of known mass flow rate, or to 
mitlet temperatures of the hot and cold fluid streams in a specified 

[lowing sections, we will discuss the two methods used in the 
j^gt exchangers. Of these, the log mean temperature difference 
tod is best suited for the first task and the effect iveness-NTU 
f||bbnd task stated above. But first we present some general 

|^p|ngers usually operate for long periods of time with no change 
conditions. Therefore, they can be modeled as steady -flow 
mass flow rate of each fluid remains constant, and the 
f* as temperature and velocity at any inlet or outlet remain 
fluid streams experience little or no change in their 
Stions, and thus the kinetic and potential energy changes 
gjhe specific heat of a fluid, in general, changes with tempera- 
specified temperature range, it can be treated as a constant at 
Rvalue with little loss in accuracy. Axial heat conduction along 
equally insignificant and can be considered negligible. Finally, the 
** le ^ eat exchanger is assumed to be perfectly insulated, so 
heat loss to the surrounding medium, and any heat transfer 
t wo fluids only, 
ions stated above are closely approximated in practice, and 
3hiy the analysis of a heat exchanger with little sacrifice of 
-fore, they are commonly used. Under these assumptions, the 
l^modynamics requires that the rate of heat transfer from 
Stilts to the rate of heat transfer to the cold one. That is, 
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FIGURE 1 0-1 2 

Two fluids that have the same mass flow 
rate and the same specific heat 
experience the same temperature change 
in a well -insulated heat exchanger. 

*n 

S~ Hot fluid 




and 



where the subscripts c and h stand for cold and hot fluids, respectively^ || 

m t% m h = mass flow rates 
Cpe, C ph ~ specific heats 
^our» Th,wi ~ outlet temperatures 
T c in , r^ ifl = inlet temperatures 

Note that the heat transfer rale Q is taken to be a positive quantity, and to 
direction is understood to be from the hot fluid to the cold one in accordance 
with the second law of thermodynamics. H; 

in heat exchanger analysis, it is often convenient to combine the ] 
of the mass flow rate and the specific heat of a fluid into a single quaj 
This quantity is called the heat capacity rate and is defined as | ; 




The heat capacity rate of a fluid stream represents the rate of heat in 
needed to change the temperature of the fluid stream by l°C as it? 
through a heat exchanger. Note that in a heat exchanger, the fluid witha//ip;g 
heat capacity rate will experience a small temperature change, and tf e-ffl 
with a small heat capacity rate will experience a large temperature eha 
Therefore, doubling the mass flow rate of a fluid while leaving ever 
else unchanged will halve the temperature change of that fluid. 

With the definition of the heat capacity rate above. Equations 
10- 10 can also be expressed as V 


srytg 



and 


& ~ C ^!::^ J 1 '-'^ : 


Inlet 


Outlet 


That is, the heat transfer rate in a heat exchanger is equal to the heat ca| 
rate of either fluid multiplied by the temperature change of that flu^|§ 
that the only time the temperature rise of a cold fluid is equal to dte{tf§m 
ature drop of the hot fluid is when the heat capacity rates oftheiwW 
are equal to each other (Fig. 10- 1 2). , ; ^ 

Two special types of heat exchangers commonly used in pr 
condensers and boilers. One of the fluids in a condenser or a boiler un(JJ 
a phase -change process, and the rate of heat transfer is expressed as 




% is the rate of evaporation or condensation of the fluid and h% is the 
Ipv of vaporization of the fluid at the specified temperature or pressure. 
^ ordinary fluid absorbs or releases a large amount of heal essentially 
■^ant temperature during a phase-change process, as shown in Figure 
^3 |prhe heat capacity rate of a fluid during a phase-change process must 
^fllh infinity since the temperature change is practically zero. That is, 
fi?C> 00 w ^ en ^ 0, so that the heat transfer rate & - mC p &T is a 
8@yantity. Therefore, in heat exchanger analysis, a condensing or boiling 
Sis conveniently modeled as a fluid whose heat capacity rate is infinity. 

The rate of heat transfer in a heat exchanger can also be expressed in an 
jflilofious manner to Newton s law of cooling as 


tve qua:ntity|an<] ^ 
d one in accordant 

;ombine the pj 
to a single qi 
ned as 


rate of heatHpl 
by I°C a^JT 
he fluid wittra large 
hange, and the Hi 
emperature ch; 
leaving ev&fl 

fluid, m 

Equations 10-9 and 


6- UAAT m 


(10-15) 




to the heat capacity ^ 
: of that fluid. Note; 
*qual to the temper* 
es of the two^utm 


sed in practice! 
r a boiler underj 
pressed as 



ivhere V is the overall heat transfer coefficient. A is the heat transfer area, 
J^gf /n is an appropriate average temperature difference between the two 
iluais- Here the surface area A can be determined precisely using the dimen- 
s of the heat exchanger. However, the overall heat transfer coefficient U 
j^pe temperature difference d'f between the hot and cold flunk, in general, 
{SfSt constant and vary along the heat exchanger. 

iSShe average value of the overall heat transfer coefficient can be deter- 

'to- *" 

mined as described in the preceding section by using the average convection 
coefficients for each fluid. It turns out that the appropriate form of the mean 
Manicure difference between the two fluids is logarithmic in nature, and 
determination is presented in the next section. 


wmm THE LOG MEAN TEMPERATURE 
DIFFERENCE METHOD 

Earlier, we mentioned thai the temperature difference between the hot and 
cold fluids varies along the heat exchanger, and it is convenient to have a 
man temperature difference M m for use in the relation 

i In order to develop a relation for the equivalent average temperature 
difference between the two fluids, consider the parallel-flow double-pipe heat 
exchanger shown in Figure 10-14. Note that the temperature difference AT 
between the hot and cold fluids is large at the inlet of the heat exchanger but 
greases exponentially toward the outlet. As you would expect, the temper- 
jfc|e of the hot fluid decreases and the temperature of the cold fluid increases 
along the heat exchanger, but the temperature of the cold fluid can never 
Beed that of the hot fluid no matter how long the heat exchanger is. 
§fp Assuming the outer surface of the heat exchanger to be well insulated so 
any heat transfer occurs between the two fluids, and disregarding any 
iges in kinetic and potential energy, an energy balance on each fluid in a 
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Inlet 


(b) Boiler (C c ~> *>) 


Out lei 


FIGURE 10*13 


Variation of fluid temperatures in a heat 
exchanger when one of the fluids 
condenses or boils. 
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*Q=U<T H -T c )dA 



CoJd fluid 
FIGURE 10-1 4 

Variation of the fluid temperatures in a 
parallel-flow double -pipe heat 
exchanger. 


differential section of the heat exchanger can be expressed as If. 

86 * -tokCrtfT* "1 

and ,. f 

86 = m^CpcdTc j$ 

That is, the rate of heat loss from the hot fluid at any secliori?L 
exchanger is equal to the rate of heat gain by the cold fluid in thai 
The temperature change of the hot fluid is a negative quantity, , 
negative sign is added to Equation 10-16 to make the heat transfer; 
positive quantity. Solving the equations above for dT h wnd dT^H 


and 


- 86 



Taking their difference, we get 

dT h - dT c = d(T h - T c ) = -8(5 


■ ■ • ft 

:l|f 


i 


i 


The rate of heat transfer in the differential section of the heat exchanger c 
also be expressed as 

86 - U(T h ~ T c )dA 
Substituting this equation into Equation 10-20 and rearranging gives 
d(T h -T c ) _ / 1 t 1 \ 

Integrating from the inlet of the heat exchanger to its outlet, we obtairi 
ln___ = ~ UA \ — — + — \ . ^ 

■ 

Finally, solving Equations 10-9 and 10-10 for mfi^ and ^C^ and| 
ing into Equation 10-23 gives, after some rearrangement 

IIMMMi ilii! WSI&xA 

where 



!;;„„: ,,,- y 

is the log mean temperature difference, which is the suitable; 
average temperature difference for use in the analysis of heafcg 
Here Af, and AT 2 represent the temperature difference between th| 


difference 
the outlet 


giif two ends (inlet and outlet) of the heat exchanger. It makes no di 
fe^(i|hd of the heat exchanger is designated as the inlet or th 
U 10-15). 

if he temperature difference between the two fluids decreases from A7\ 
^§|§inlet to AT 2 at the outlet. Thus, it is tempting to use the arithmetic 
[||fept|mperature AT^ = \{&T X + A"A) as the average temperature differ- 
i|^ ; ,The logarithmic mean temperature difference &T im is obtained by trac- 
l^fjie actual temperature profile of the fluids along the heat exchanger and 
exact representation of the average temperature difference between the 
^ { . m d cold fluids. It truly reflects the exponential decay of the local temper- 
\ m rc difference. 

Si^k that &T [m is always less than &T mv Therefore, using A7 am in calcu- 
■pjmstead of &T lm will overestimate the rate of heat transfer in a heat 
exchanger between the two fluids. When &7, differs from AT 2 by no more 
■ than 40 percent, the error in using the arithmetic mean temperature differ- 
|^ e : is less than 1 percent. But the error increases to undesirable levels when 
^\ differs from AT 2 by greater amounts. Therefore, we should always use 
flic logarithmic mean temperature difference when determining the rate of 
transfer in a heat exchanger. 


uriter-Fiow Heat Exchangers 

The variation of temperatures of hot and cold fluids in a counter-flow heat 
exchanger is given in Figure 10-16, Note that the hot and cold fluids enter the 
: exchanger from opposite ends, and the outlet temperature of the cold 
-'d in this case may exceed the outlet temperature of the hot fluid. In the 
jjpngcase, the cold fluid will be heated to the inlet temperature of the hot 
I^However, the outlet temperature of the cold fluid can never exceed the 
•temperature of the hot fluid, since this would be a violation of the second 
^thermodynamics. 

|p|te relation above for the log mean temperature difference is developed 
~g a parallel-flow heat exchanger, but we can show by repeating the analy- 
sis above for a counter-flow heat exchanger that is also applicable to counter- 
flow heat exchangers. But this time, AT X and Af 2 are expressed as shown in 
gure 10-15. 

i|or specified inlet and outlet temperatures, the log mean temperature 
Terence for a counter-flow heat exchanger is always greater than that for a 
|jlel-flow heat exchanger. That is, AT tm XF > &T {m PFi and thus a smaller 
face area (and thus a smaller heat exchanger) is needed to achieve a spec- 
ified heat transfer rate in a counter-flow heat exchanger. Therefore, it is com- 
mon practice to use counter-flow arrangements in heal exchangers. 

* In a counter-flow heat exchanger, the temperature difference between the 
tot and the cold fluids will remain constant along the heat exchanger when 
the heat capacity rates of the two fluids are equal (that is, AT = constant 
*hen C h = C c or m h C ph « m f £ fK ). Then we have AT t = A7 2 , and the log 
temperature difference relation above gives AT lm = which is indeter- 
minate. It can be shown by the application of PHopitaPs rule that in this case 
S have &T lm = dT, = dT 2 , as expected. 
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fluid 


A77n^| Cold fluid 
(a) Parallel-now heat exchangers 


Cold 
fluid , 


Hot 
fluid 



hxtat 


(b) Counter- flow heat exchangers 

FIGURE 10-1 5 

The AT^ and A7' 2 expressions in 
parallel -flow and counter-flow heat 
exchangers. 



^in, Cold 

I fluid 


Hot 

fluid E | 





FIGURE 10*16 

The variation of the fluid temperatures 
in a counter-flow double-pipe heat 
exchanger. 

FIGURE 10 17 

The determination of the heat transfer 
rate for cross-flow and multipass shell- 
and -tube heat exchangers using the 
correction factor. 


fluid T 



Tmulupass--* ^ 
exchanger 


Heal transfer rate: 


where 


and 


AT-, 


tn(AT j/Ar 2 ) 


T ~ T 


F=...(Rg. 10-18) 


A condenser or a /wVer can be considered to be either a para} 

counter-flow heat exchanger since both approaches give the samfef 

.,| 

Multipass and Cross-Flow Heat Exchangers: Use of 
Correction Factor ; 

The log mean temperature difference &T lm relation developed i 
ited to parallel-flow and counter-flow heat exchangers only. SimlS^ 
are also developed for cross-flow and multipass sheH-and-tubeHem J tx 
ers, but the resulting expressions are too complicated because of t 
flow conditions. , m 

In such cases, it is convenient to relate the equivalent temperature: 
ence to the log mean temperature difference relation for the counteM^ 



of the 


where F is the correction factor, which depends on the geomeir^ 
exchanger and the inlet and outlet temperatures of the hot aril 
streams. The AT im CF is the log mean temperature difference Toq§§8 
counter-flow heat exchanger with the same inlet and outlet tempera 
is determined from Equation 10-25 by taking AT } = T h m - T c am ai 
T hmOM -T eM (Fig. 10-17). * ^ ' 1 

The correction factor is less than unity for a cross-flow 
shell-and-tube heat exchanger. That is, F < 1. The limiting value" 
corresponds to the counter-flow heat exchanger. Thus, the correction 
F for a heat exchanger is a measure of deviation of the &T tm fr 
sponding values for the counter-flow case. 

The correction factor F for common cross-flow and shell-al 
exchanger configurations is given in Figure 10-18 versus two t 
ratios P and R defined as 


AT, . 


and 


. . ...... , . .... 

(^C) {uht . sKle ; 





R = 

where the subscripts I and 2 represent the inlet and outlet, res P^§u-« 
that for a shell-and-tube heat exchanger, Tand t represent the sheB&N^ 
side temperatures, respectively, as shown in the correction factor i 
makes no difference whether the hot or the cold fluid flows thrp|# 
or the tube. The determination of the correction factor F ^ u lS|Ki 
ability of the inlet and the outlet temperat ures for both the cold aipL-ji 
Note that the value of P ranges from 0 to 1 . The value offo^L^ 
hand, ranges from 0 to infinity, with R = 0 corresponding to t ' ,e |^^^ 
(condensation or boiling) on the shell-side and /? — > oo to pMp M 



0,1 0.2 0.3 0.4 0.5 0.6 0,7 0.8 0,9 1.0 


E) One-shell pass and 2, 4, 6, etc. (any multiple of 2), tube passes 



} 

r. 


0 0.1 0.2 03 0.4 0.5 0,6 0.7 0.8 
Two-shell passes and 4. $, 12, etc. (any multiple of 4), tube passes 


1.0 P* 


ell-and-tubel 
two temperatj 



|e) Single-pass cross-flow with both fluids unmixed 
1.0 


...... - *tl -l as 


JM BS 0.7 
3-0.6 
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ttf) Single-pass cross-flow with one fluid mixed and the other unmixed 


FIGURE 10-18 

Correction factor F charts for common 
shell -and-tube and cross-flow heat 
exchangers (from Bowman, Mueller, 
and Nagle, Ref. 2). 
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the tube side. The correction factor is F = 1 for both of these lirrmin 
Therefore, the correction factor for a condenser or boiler is F =. ] , re 
of the configuration of the heat exchanger. 


t a m 


EXAMPLE 1 0*3 The Condensation of Steam in a Condenser 

Steam in the condenser of a steam power plant is to be condensed at! 
ature of 30°C with cooling water from a nearby lake, which enters the iufpR 
condenser at 14°C and leaves at 22 a C. The surface area of the tube^H 
and the overall heat transfer coefficient is 2100 W/m 2 • °C. Determine 
flow rate of the cooling water needed and the rate of condensation!!" 
in the condenser. 


Cooling 
water 

)4*C 



22°C 


30*C 
FIGURE 10*19 

Schematic for Example 1 0-3. 


Solution Steam Is condensed by cooling water in the conderise^W 
plant. The mass flow rate of the cooling water and the rate of cdnde| ' 
be determined. 

- : 

Assumptions 1 Steady operating conditions exist, 2 The heat exchagejf 
insulated so that heat loss to the surroundings is negligible and thusf^^ 
from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in 
kinetic and potential energies of fluid streams are negligible. 4 There is not 
5 Fluid properties are constant 

Properties The heat of vaporization of water at 30°C is h^.^ 243 
and the specific heat of cold water at the average temperature^ 
Cp = 4184 jykg.°C (Table A-9). 

Analysis The schematic of the condenser is given in Figure 10:19. ' 
denser can be treated as a- counter-flow heal exchanger since th||g£ 
of one of the fluids (the steam) remains constant. 

The temperature difference between the steam and the copHngf^^ 
two ends of the condenser is 


AT, 


T Ct <H» - (30 - 22}°C = 8*C 
T c/m ~(30- 14)°C = 16°C 


That is. the temperature difference between the two fluids vanes fremiti! 
end to 16°C at the other. The proper average temperature difference betjl „ 
two fluids is the logarithmic mean temperature difference (not the antb|| 
which is determined from 


AT* 


AT - AT? 


8 - 16 


MM 


11.5°C 


\r\(AT,/AT z ) In (8/16) 

This is a little less than the arithmetic mean temperature diffe 
|(8 + 16) - 12°C Then the heat transfer rate in the condenser isdeternv 

■ ,l ; t ;; t 

6= L/AA^-(2100W/m 2 * o C)(45m 2 )(11.5°C}- 1,086,750* h 


Therefore, the steam will lose heat af a rate of 1.086.75 kW as it flowsiH^ 
condenser, and the cooling water will gain practically all of it, since thej 
is well insulated. 

The mass flow rate of the cooling water and the rate of the corid| 
the steam are determined from 6 = [rhCiT^ - T^)}^^ waim ~ 


. • W. 'out 'in) 

» 1.086.75 kJ/s 


(4.184kJ/kg-°C)(22- 14)°C 


= 32.5 


. (5 1,086.75 kJ/s nj(eu , 

^ am = ^ = 2431 kJ/kg =°- 45k 9/s 


^^P§S'We need to circulate about 72 kg of cooling water for each 1 kg of 
p^aam condensing to remove the heat released during the condensation process. 
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JHB^@^ 10-4 Heating Water In a Counter-Flow Heat Exchanger 

|^ cc<i nfe/Miow double-pipe heat exchanger is to heat water from 20°C to 80°C at 
;i|pof ; l.2 kg/s, The heating is to be accomplished by geothermal water avails 
Mb at 1.60°C at a mass flow rate of 2 kg/s. The inner tube is thin-walled and has 
KBjl^: 01 1 - 5 cm - lf the overall heat transfer coefficient of the heat exchanger 
1^0)^^ ' determine the tenQth of the heat exchanger required to achieve 
IfSilp^ heating. 


thermal 


Water is heated in a counter-flow double-pipe heat exchanger by 
p'water The required length of the heat exchanger is to be determined. 


!0>n$ 1 Steady operating conditions exist. 2 The heat exchanger is well 
Jf&u'auafcso that heat loss to the surroundings is negligible and thus heat transfer 
^^fflotfluid is equal to the heat transfer to the cold fluid. 3 Changes in the 
Ha^' potential energies of fluid streams are negligible. 4 There is no fouling, 
i qipperties are constant. 

^Pmperties We take the specific heats of water and geothermal fluid to be 4.18 
u ^Ml<J/kg. 0 C, respectively. 

II The schematic of the heat exchanger is given in Figure 10-20. The rate 
pansier in the heat exchanger can be determined from 

E^Tou, - lyLater - 0-2 kg/s)(4.18 kj/kg • *C)(80 - 20)°C - 3010 kW 

t all of this heat is supplied by the geothermal water, the outlet temper- 
|||^j|he geothermal water is determined to be 



16CTC- 


125.1°C 


301 .OkW 


(2 kg/s)(4.31kJ/kg<*C) 


/ln 9 the inlet and outlet temperatures of both fluids, the logarithmic mean 
||ture difference for this counter-flow heat exchanger becomes 


Cold 
water 

— K) ; 


Hot 
geoihermai 
water j 
2 kg/s 


!60 a C 



80°C 


FIGURE 10-20 

Schematic for Example 10-4, 
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AT, = T, 


r CjOUl » {160 - S0)°C = 80'C 
7 cln - (125.1 - 20)°C- 105.1°C 


and 


M\ ~ M 2 80 - 105.1 


« 92.0°C 


"* in^/Arj in (80/105,1) 
Then the surface area of the heat exchanger is determined to be 


Q 


301 ,000 W 


- 5.1* of • 


UtJ^ (640W/m 2 -°C)(92.0°C) 
To provide this much heat transfer surface area, the length of the tube must 


A * -OL 


5.11 m 2 


« 108.4 m 


ttD Tr{0.015m) , ;:1 

Discussion The inner tube of this counter-flow heat exchanger (and thus 
heat exchanger itself) needs to be over 100 m long to achieve the desired h 
transfer, which is impractical. In cases like this, we need to use a plailj* 
exchanger or a multipass shell-and-tube heat exchanger with multiple pa 
tube bundles. 3 



50°C 
FIGURE 10-21 

Schematic for Example I0-5. 


EXAMPLE 10-5 Heating of Glycerin in a Multipass Heat Exchanger* 

A 2-shell passes and 4-tube passes heat exchanger is used to heat glycerin fr 
20°C to 50°C by hot water, which enters the thin-walled 2-cm-diameter' tuf 
80°C and leaves at 40°C (Fig, 10-21). The total length of the tubes in the i 
exchanger is 60 m. The convection heat transfer coefficient is 25 W/rn 2 ; 
the glycerin (shell) side and 160 W/m 2 • °C on the water (tube) side. Deterrr. 
the rate of heat transfer in the heat exchanger (a) before any fouling occurs 
(b) after fouling with a fouling factor of 0,0006 m 2 - °C/W occurs on the o 
surfaces of the tubes. 

Solution Glycerin is heated in a 2-shell passes and 4-tube passes heat 
changer by hot water The rate of heat transfer for the cases of fouling an 
fouling are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is ^ 
insulated so that heat loss to the surroundings is negligible and thus heat tmm 
from the hot fluid is equal to heat transfer to the cold fluid. 3 Changes' fa** 
kinetic and potential energies of fluid streams are negligible. 4 Heat trans 
coefficients and fouling factors are constant and uniform. 5 The therma^rf 
tance of the inner tube is negligible since the tube is thin-walled and i|j 
conductive. 

Analysis The tubes are said to be thin-walled, and thus it is reasonable j« 
sume the inner surface.area of the tubes to be equal to the outer surface ar 
Then the heat transfer surface area of this heat exchanger becomes 

A - ttDL - >rr(Q,02 m )(60 m) - 3.77 m 2 

The ra^e of heat transfer in this heat exchanger can be determined from . , 


|8|§fy^ is the correction factor and &T tm Cf is the log mean temperature di 
iKiftr the counter-How arrangement, These two quantities are determined f 


v 


arrangement. These two quantities < 
AT X - 7^ - 7 aowl - (30 - 50) C C - 3G*C 

±h - r aou! - r CJn - (40 - 2orc - 20°c 

30 - 20 


differ- 
from 


'inn, CP 


in (*y*T 2 ) In (30/20) 


= 24 


& , . ^ f 7 -/, 40-80 


r 5 -7? 20 - 50 


►f -0.91 (Fig. 10-186) 

f 2 - /, 40 - 80 

(Ifthe case of no fouling, the overall heat transfer coefficient Wis 6eterm\ne6 


from 


1 


1 t 1 


•«21.6W/m 2 -"C 


i 60 W/m* • °C * r 25 W/m 2 • °C 

I^Tfil'rlhe rate of heat transfer becomes 

:f If .J o 

(5- UAF^cr- (21.6 W/m 2 • <J C)(3.77m 2 )(0.9l)(24.rC) » 1730-W 

i When there is fouling on one of the surfaces, the overall heat transfer coeffi- 
W : U is. determined from 


1 


1 


1 


: + 0.0006 m 2 • °C/W 


exchanger is we-"? 
i thus heat iransfaj^ 
3 Che iges 
e; 4 HeatpV 
The thermal res 
walled a^d r«gSy3 


160W/m 2 -°C 25W/m 2 -°C 
1 § «21.3W/m 2 -°C 
|jS rate of heat transfer in this case becomes 

§6 ~ l/AFAf^ XF - (2 1 ,3 W/m 2 • °C)(37?m 2 K0.91)(24.rC)=1805W 

.: Discussion Note that the rate of heat transfer decreases as a result of fouling, 
as expected. The decrease is not dramatic, however, because of the relatively 
low convection heat transfer coefficients involved. 


BUM PLE 1 0-6 Cooling of an Automotive Radiator 

^|is conducted to determine the overall heat transfer coefficient in an auto- 
Isve radiator that is a compact cross-flow water-to-air heat exchanger with 
Hfflutds (air and water) unmixed (Fig. 10-22). The radiator has 40 tubes of 
jBpM diameter 0.5 cm and length 65 cm in a closely spaced plate-finned ma- 
K^Pt water enters the tubes at 90°C at a rate of 0.6 kg/s and leaves at 65°C. 
jMMmts across the radiator through the Interim spaces and is heated from 20°C 
||tf{Rc. Determine the overall heat transfer coefficient U of (his radiator based 
s inner surface area of the tubes. 
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FIGURE 10-22 

Schematic for Example 1 0-6. 

w 


Airflow 
20*C 



40T 


65*C 
Water flow 
{unmixed) 


ft*'- 
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Solution During an experiment involving an automotiveifSifflH 

exit temperatures of water and air and the mass flow rate of wle^§||^ 
The overall heat transfer coefficient based on the inn^^Sg^^ 
determined. ; 1f* 


Assumptions 1 Steady operating conditions exist. 2 Chang^^^ffl| 
potential energies of fluid streams are negligible. 3 Fluid^r%||^^ffl|» 

Properties The specific heat of water at the average tempeiatffipfflgra 
= 77.5°C is 4. 1 95 kJ/kg • °C. ^mmmm 

Anaiysis The rate of heat transfer in this radiator from the H^^t^p^ 
determined from an energy balance on water flow, % " ^ 

Q = [^Cp(7; n - 7^)]^ = (0.6 kg/s)(4.195 kJ/kg • °C)(90|^^^P 

The tube-side heat transfer area is the total surface afea"ofIrM^^^ 
determined from *%08f " 

A, = nirQL = (40)ir(0.005 m)(0.65 m) = 0^O8^mi 

Knowing the rate of heat transfer and the surface area , the! Q ^MEmI^ 
coefficient in this heat exchanger can be determined from^M^ 3 ^^ 

where F is the correction factor and A7; m> CF is the log mSliffiieS^^SffiB 
ence for the counter-flow arrangement. These two quantrthe|^^^g^| 


Ar 1 = r, Jn -r CjOUt = (90-40)°c 

Ar 2 = 7„, out - 7 Ciin = (65 - 20)°C = 45$|| 
A7 ^^ = ^i^ = i^ = 4|y 


and 


In (A^/ATa) In (50/45) 


7"i - r a . 


65-90 
20-90 
20-40 


= 0.36 


= 0.80 


F=0.97 


BkWm 

r i 


f 2 - ^ 65 - 90 
Substituting, the overall heat transfer coefficient L/,- is deterijifl^M^ 

(5 62,930 W 


v.* 


A f F&T\ mCF (0.408 m 2 )(0.97)(47.6°C) |f 


Note that the overall heat transfer coefficient on the air s^j^j^j^ 
because of the large surface area involved on that side.<# 



The log mean temperature difference (LMTD) method 
vious section is easy to use in heat exchanger analysis f^^J^p 
outlet temperatures of the hot and cold fluids are known '°*^smT^ 


^an energy balance. Once AT^, the mass flow rates, and the overall 
^transfer coefficient are available, the heat transfer surface area of the 
exchanger can be determined from 


Q = UA LT X 


lm 


>re, the LMTD method is very suitable for determining the size of a 
re of (90 ■fcS^Mj K^ffxchanger to realize prescribed outlet temperatures when the mass flow 
^ W the inlet and outlet temperatures of the hot and cold fluids are 
jified. 

fyVith the LMTD method, the task is to select a heat exchanger that will 
he prescribed heat transfer requirements. The procedure to be followed 
selection process is as follows: 


Select the type of heat exchanger suitable for the application. 

petermine any unknown inlet or outlet temperature and the heat transfer 
"~g an energy balance. 

[Calculate the log mean temperature difference AT^ and the correction 
ir F, if necessary. 

mObtain (select or calculate) the value of the overall heat transfer coeffi- 

m 

jj 

CTpialculate the heat transfer surface area A. 
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M8c) m 


to be ;M 

1$ 


Sitask is completed by selecting a heat exchanger that has a heat transfer 
ISpce area equal to or larger than A. 

J fi second kind of problem encountered in heat exchanger analysis is the 
ter mination of the heat transfer rate and the outlet temperatures of the hot 
pB|6 pld fluids for prescribed fluid mass flow rates and inlet temperatures 
H BS Ahe type and size of the heat exchanger are specified. The heat transfer 
OTpce area A of the heat exchanger in this case is known, but the outlet 
Wmeratures are not. Here the task is to determine the heat transfer perfor- 
jBc e of a specified heat exchanger or to determine if a heat exchanger 
ffiSaMe in storage will do the job. 

Hphe LMTD method could still be used for this alternative problem, 
ItaMfie procedure would require tedious iterations, and thus it is not practical. 

attempt to eliminate the iterations from the solution of such prob- 
ISjlpKays and London came up with a new method in 1955 called 
B^ ffectiveness-NTU method, which greatly simplified heat exchanger 
|5mjysis. 

"jlhis new method is based on a dimensionless parameter called the heat 
Ejgnsfer effectiveness e, defined as 
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The actual heat transfer rate in a heat exchanger can be determined froA^* 
energy balance on the hot or cold fluids and can be expressed as 

where C c = rh c C pc and C h = m c C ph are the heat capacity rates of the coldj^j 
the hot fluids, respectively. & "~ 

To determine the maximum possible heat transfer rate in a heafexg 
changer, we first recognize that the maximum temperature differences 
heat exchanger is the difference between the inlet temperatures of the hoi|f§ 
cold fluids. That is, 


Hot 



130°g! 
40kg/s 


20°C Cold 
25 kg/s \ water 


C c = mf^ = 104.5 kW/°C 
C h = m c C ph = 92WrC 
C min = 92kW/°C 

110°C 


^max ^A,in ^c.in 
e max = C min A7' max = 10,120kW 
FIGURE 10-23 

The determination of the maximum rate 
of heat transfer in a heat exchanger. 


The heat transfer in a heat exchanger will reach its maximum value fv 
(1) the cold fluid is heated to the inlet temperature of the hot fluid or (2);tf 
hot fluid is cooled to the inlet temperature of the cold fluid. These two li 
conditions will not be reached simultaneously unless the heat capacity|^l 
of the hot and cold fluids are identical (i.e., C c = C h ). When C c ± C h , ; v " 
is usually the case, the fluid with the smaller heat capacity rate will e; 
ence a larger temperature change, and thus it will be the first to experiencp 
the maximum temperature, at which point the heat transfer will com|ra" 
halt. Therefore, the maximum possible heat transfer rate in a heat exchanger! 
is (Fig. 10-23) 


where is the smaller of C h = m h C ph and C c = m c C pc . This is furtfi^ 
clarified by the following example. 


EXAMPLE 10-7 Upper Limit for Heat Transfer in a Heat Exchanger 

Cold water enters a counter-flow heat exchanger at 1 0°C at a rate of 8 kg/s, 
it is heated by a hot water stream that enters the heat exchanger at 70°C at £r 
of 2 kg/s. Assuming the specific heat of water to remain constant at C p = 4.1||| 
kg • °C. determine the maximum heat transfer rate and the outlet temperatures o 
the cold and the hot water streams for this limiting case. pi 

m 


Solution Cold and hot water streams enter a heat exchanger at sp 
temperatures and flow rates. The maximum rate of heat transfer in the heat|| 
changer is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger isp 
insulated so that heat loss to the surroundings is negligible and thus heat trans 
from the hot fluid is equal to heat transfer to the cold fluid. 3 Changes in;j 
kinetic and potential energies of fluid streams are negligible. 4 Heat 
coefficients and fouling factors are constant and uniform. 5 The thermal 
tance of the inner tube is negligible since the tube is thin-walled and hi; 
conductive. 


Properties The specific heat of water is given to be C p = 4. 1 8 kJ/kg • °C. 


II 

/, i 
Y . 

m 

f 


WH S A schematlc of the heat exchanger is given in Figure 10-24 The heat 
eafSf 'f y rates of the hot and co,d fluids are determine d from 

C h = ^Cph = (2 kg/s)(4.18 kJ/kg • °C) = 8.36 kW/°C 

C c = rti c C pc = (8 kg/s)(4.18 kJ/kg • °C) = 33.44 kW/°C 

C min = C h = 8.36 kW/°C 

is the smaller of the two heat capacity rates. Then the maximum heat 
j^fer rate is determined from Equation 10-32 to be 

= (8.36 kW/°C)(70-10)°C 
= 501.6 kW 

TlS!| the maximum possible heat transfer rate in this heat exchanger is 501 6 
itjis value would be approached in a counter-flow heat exchanger with a very 
l^fieat transfer surface area. 

iJLI?e maximum temperature difference in this heat exchanger is Af max = 
%J c .in - (70 - 10)°C = 60°C. Therefore, the hot water cannot be cooTed by 
than 60°C (to 10°C) in this heat exchanger, and the cold water cannot be 
Hlf by more than 60°C (to 70°C), no matter what we do. The outlet tempera- 
r 6f the cold and the hot streams in this limiting case are determined to be 


*%Pc( T c , out 7"c, in) 


7"cout= 7" CJn + — =10°C + 


501.6 kW 
33.44 kW/°C 
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10°C Cold 
8 kg/s { water 



FIGURE 10-24 

Schematic for Example 10-7. 


= 25°C 


^G»(7/),in ~ 7"n,out) 


7ft out = T hAn - — = 70°C ~ 


501.6 kW 
8.38 kW/°C 


= 10°C 


mission Note that the hot water is cooled to the limit of 10°C (the inlet tern- 
p*gture of the cold water stream), but the cold water is heated to 25°C only when 
maximum heat transfer occurs in the heat exchanger. This is not surprising since 
rrjass flow rate of the hot water is only one-fourth that of the cold water, and, 
Jesuit, the temperature of the cold water increases by 0.25°C for each 1°C 
Sjjn the temperature of the hot water. 

|ou may be tempted to think that the cold water should be heated to 70°C in 
Siting case of maximum heat transfer. But this will require the temperature 
ojjto hot water to drop to -170°C (below 10°C), which is impossible. Therefore, 
^i ransfer ,n a heat exchanger reaches its maximum value when the fluid with 
Ptnaller heat capacity rate (or the smaller mass flow rate when both fluids 
the same specific heat value) experiences the maximum temperature 
Sjange. This example explains why we use C min in the evaluation of 0 max instead 

xmax- 

Jfe can show that the hot water will leave at the inlet temperature of the cold 
jjjF and vice versa in the limiting case of maximum heat transfer when the 
□$ss . now rates of the hot and cold water streams are identical (Fig. 10-25) We 
Sff f° Sh ° W that the 0ut,et tem P erature of the cold water will reach the 70°C 
«iwhen the mass flow rate of the hot water is greater than that of the cold water. 


m r . Cold 

m <' C I*\ fluid 



m h> c ph 


= fh cC pc AT c 


If 


then AT h = AT r 

FIGURE 10-25 

The temperature rise of the cold fluid in 
a heat exchanger will be equal to the 
temperature drop of the hot fluid when 
the mass flow rates and the specific 
heats of the hot and cold fluids are 
identical. 
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The determination of Q max requires the availability of the inlet tem/iS 
ture of the hot and cold fluids and their mass flow rates, which are^u|5| 
specified. Then, once the effectiveness of the heat exchanger is knownltjja 
actual heat transfer rate Q can be determined from 


mm® 

Therefore, the effectiveness of a heat exchanger enables us to determines 
heat transfer rate without knowing the outlet temperatures of the AuidslZl 

The effectiveness of a heat exchanger depends on the geometr§&^ 
heat exchanger as well as the flow arrangement. Therefore, different ty$||l 
heat exchangers have different effectiveness relations. Below we Ulustrate||i 
development of the effectiveness e relation for the double-pipe paralie^M 
heat exchanger. t 'mA 

Equation 10-23 developed in the previous section for a parallel-flpw ^f 
exchanger can be rearranged as 


In 


'/i.out 


— T 

1 c, out _ 


1 A, in 


UA 
C, 


1 + 


(\0M 


Also, solving Equation 10-30 for T h out gives 


^/t.out ^A,in n (Tc .out ^c,in) 

Substituting this relation into Equation 10-34 after adding and subtra c^M 
TcM gives 


In 


^A, in -Tr, in ~^ ^c, in ~~ ^c, out ~pT (Tc, out T*c t in ) 


^A, in ^c, t 


which simplifies to 


l V c h )T hM -T cM \ c c \ cj ym 


We now manipulate the definition of effectiveness to obtain 


e — ^ — C C (T C out T^in) 

6 max ^ min(^/i, in ~~ ^c,in) 


T — T ■ 

1 c, out i c,in 


m 

^min^Mj 


7 1 — T 

1 A, in 1 c, in 

Substituting this result into Equation 10-36 and solving for e gives the pjj§^ 
ing relation for the effectiveness of a parallel-flow heat exchanger: V 


1 - exp 


^parallel flow 


i i+c t) c t 


/I 


^J||her C c or C h to be C min (both approaches give the same result), the 
^^fri above can be expressed more conveniently as 


¥§1 


JviL * s * e sma ^ er ^ eat capacity ratio and C max is the larger one, and 
E^j||^o difference whether C min belongs to the hot or cold fluid. 
^Effectiveness relations of the heat exchangers typically involve the di- 
Wjj^ionless group UA/C min . This quantity is called the number of transfer 
nS^jffr anc * is expressed as 
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|$|P# is the overall heat transfer coefficient and A is the heat transfer 
fcj^j^larea of the heat exchanger. Note that NTU is proportional to A. 
Before, for specified values of U and C min , the value of NTU is a measure 
Wjm heat transfer surface area A. Thus, the larger the NTU, the larger the 
^p^hanger 

iHptieat exchanger analysis, it is also convenient to define another dim en - 
^fe^uantity called capacity ratio C as 











111 




paffb^ shown that the effectiveness of a heat exchanger is a function of the 
fum^r^of transfer units NTU and the capacity ratio C. That is, 

ft e = function (UA/C^ C^/C^) = function (NTU, C) 


Effectiveness relations have been developed for a large number of heat ex- 
changers, and the results are given in Table 10-4. The effectivenesses of some 
rarfon types of heat exchangers are also plotted in Figure 10-26. More 
In ten sive effectiveness charts and relations are available in the literature. The 
4 " L ed|lines in Figure 10-26/ are for the case of C min unmixed and C max 
a, "'and the solid lines are for the opposite case. The analytic relations 
ihe effectiveness give more accurate results than the charts, since reading 
g^in charts are unavoidable, and the relations are very suitable for com- 
^gpzed design analysis of heat exchangers. 

JjMijmake the following observations from the effectiveness relations and 
Egj^given above: 



pie value of the effectiveness ranges from 0 to 1. It increases rapidly 
|p|||TU for small values (up to about NTU = 1.5) but rather slowly for 
lvalues. Therefore, the use of a heat exchanger with a large NTU 


FIGURE 10-26 

Effectiveness for heat exchangers (from Kays and 



London, Ref. 7). 
100 


Number of transfer units NTU = AU/C m 


(a) Parallel-flow 
100 



1 2 3 4 5 

Number of transfer units NTU = AU/C min 

(c) One-shell pass and 2, 4, 6, tube passes 
100 



1 2 3 4 5 
Number of transfer units NTU = AU/C min 

{€) Cross-flow with both fluids unmixed 



12 3 4 
Number of transfer units NTU = AU/C m 

(b) Counter-flow 
100„ 



1 2 3 4 5 
Number of transfer units NTU = AUIC 

mm 

(d) Two-shell passes and 4, 8, 12, tube passes 
100 



1 2 3 4 5 
Number of transfer units NTU = AU/C min 

(/) Cross-flow with one fluid mixed and the 
other unmixed 


p.* 


\ V 

11 


jBfflBKojaand Lone 


•J. 


10-4 


-rt^tiveness relations for heat exchangers: NTU = UA/C^ 

Cmin/^max = (rhC p ) m J(lflC p ) max 


[Exchanger 


Effectiveness relation 


e = 


1 -exp[-NTU(1 + CM 
1 + C 

1 -exp[-NTU(1 - Q] 
1 -Cexp [-NTU(1 -C)] 


f — 1 + exp -NTUVT+C 2 1 

[ 1 - exp [-NTUVTTC 2 ]] 
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exchangers 


e = 1 - exp 


f NTU° 

I c 


22 


-[exp (-C NTU 078 )- 1] 


} 


e = -(1 -exp{1-C[1 -exp(-NTU)]}) 
e = 1-exp|--lt1-exp(-CNTU)]J 

e = 1 - exp(-NTU) 


Source: Kays and London, Ref. 7. 


:4 


(usgaliy larger than 3) and thus a large size cannot be justified economically, 
anfo a large increase in NTU in this case corresponds to a small increase in 
Effectiveness. Thus, a heat exchanger with a very high effectiveness may be 
ll^desirable from a heat transfer point of view but rather undesirable 
from an economical point of view 

w 

For a given NTU and capacity ratio C = C^C^, the counter-flow 
W( exchanger has the highest effectiveness, followed closely by the cross- 
ff^ heat exchangers with both fluids unmixed. As you might expect, the 
Lowest- effectiveness values are encountered in parallel-flow heat exchangers 
Il§lb-27). 

The effectiveness of a heat exchanger is independent of the capacity ratio 

for NTU values of less than about 0.3. 

M 

f ile value of the capacity ratio C ranges between 0 and 1. For a given 
ffiU,jthe effectiveness becomes a maximum for C = 0 and a minimum for 
The case C = C^JC^ -> 0 corresponds to C max -> oo which is 


Counter-flow 



1 2 3 

mu=UA/c mia 

FIGURE 10-27 

For a specified NTU and capacity ratio 
C, the counter-flow heat exchanger has 
the highest effectiveness and the 
parallel-flow the lowest. 
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realized during a phase-change process in a condenser or boiler. All effeS 
tiveness relations in this case reduce to 



FIGURE 10-28 

The effectiveness relation reduces to 
e = e max = 1 ~ exp(-NTU) for all 
heat exchangers when the capacity 
ratio C = 0. 


Hot 

geothermal, 160°C 
water 
21 


water I 



FIGURE 10-29 

Schematic for Example 10-8. 


regardless of the type of heat exchanger (Fig. 10-28). Note that the tempoS 
ture of the condensing or boiling fluid remains constant in this caseXlli 
effectiveness is the lowest in the other limiting case of C = C mi JC m J$=jm 
which is realized when the heat capacity rates of the two fluids are equalS| 

Once the quantities C = C^/C^ and NTU = UAIC^ have$|| 
evaluated, the effectiveness e can be determined from either the charisfll 
(preferably) the effectiveness relation for the specified type of heat exchan^[ 
Then the rate of heat transfer Q and the outlet temperatures T ht0Ut and^ 
can be determined from Equations 10-33 and 10-30, respectively. Notli tjil| 
the analysis of heat exchangers with unknown outlet temperaturesfisS 
straightforward matter with the effectiveness-NTU method but requir§| 
rather tedious iterations with the LMTD method. # L_ 

Wie mentioned earlier that when all the inlet and outlet temperatures^ 
specified, the size of the heat exchanger can easily be determined using!|5S 
LMTD method. Alternatively, it can also be determined from the effecfivS 
ness-NTU method by first evaluating the effectiveness e from its defi^ 
tion (Eq. 10-29) and then the NTU from the appropriate NTU relation^ 
Table 10-5. «f * 

Note that the relations in Table 10-5 are equivalent to those in Table 1 (a 
4. Both sets of relations are given for convenience. The relations in jM>jy 
10-4 give the effectiveness directly when NTU is known, and the relations^ 
Table 10-5 give the NTU directly when the effectiveness e is known. fM 

EXAMPLE 1 0-8 Using the Effectiveness-NTU Method 

Repeat Example 10-4, which was solved with the LMTD method, using the|j| 
fectiveness-NTU method. jj' 

);: 

Solution The schematic of the heat exchanger is redrawn in Figure 10-29fc^ 
the same assumptions are utilized. |R| 

Analysis In the effectiveness-NTU method, we first determine the heat capacjtjjj 
rates of the hot and cold fluids and identify the smaller one: 

C h = rh h C ph = (2 kg/s)(4.31 kJ/kg • °C) = 8.62 kW/°C 
C c = rfi c C pc = (1 .2 kg/s)(4.18 kJ/kg • °C) = 5.02 kW/°C 


k > 


Therefore, 


and 


C mjn = C c = 5.02 kWAC 


C = C min /C max = 5.02/8.62 - 0.583 


II 


Then the maximum heat transfer rate is determined from Equation 10-32 \6M 


^max ~* Qnin( Th, in T c in) 

= (5.02kW/°C)(160-20)°C 
= 702.8 kW 


4 



10-5 


.J 


PS^eKations for heat exchangers NTU = UA/C m 


■^gx changer type 

RSel-flow 

J 

Ranter-flow 

fW^i andtube: 
TSp^hell pass 

BE! . . tube passes 
fi^ss-floiv (single-pass) 


■unmixed 
Wheat exchangers 

■MUlTOr.'* .... 


NTU relation 
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NTU = 
NTU = 

NTU = 


ln[1 - e(1 + C)] 
1 + C 


NTU 
NTU 

NTU = -ln(1 - e) 


1 / a/e-i-c-VTTc 5 ^ 
VTTc 2 n \2/ e - 1 - C + VTTc 2 / 


ln[Cln(1 1] 

c 


ESp/Kays and London, Ref. 7. 


relationslinSTab" 


{thod/;gsigatljrol 


ie the heaTOapaGit^ 


#Ws! the maximum possible heat transfer rate in this heat exchanger is 
EQ2E kW. The actual rate of heat transfer in the heat exchanger is 

R[rf»Cp( 7"«it " Owater = (1-2 kg/s)(4.18 kJ/kg • °C)(80 - 20)°C= 301.0 kW 

Bsjsfl the effectiveness of the heat exchanger is 

6 301.0 kW 


702.8 kW 


= 0.428 


QMng the effectiveness, the NTU of this counter-flow heat exchanger can be 
Ewnihed from Figure 10-266 or the appropriate relation from Table 10-5. We 
Ihoose 'the latter approach for greater accuracy: 

fit. 1 , / e-1 \ 1 , ( 0.428 - 1 \ ncci 

|K = C=T ln (^lJ " aSM^T H o.428 X 0.583 - l ] = 0651 


E»he heat transfer surface area becomes 

f TU = c^ — » A = 


NTUC min (0.651 )(5020W/°C) 


= 5.11 m 2 


-'min 


U 640W/m 2 -°C 
EBfote this much heat transfer surface area, the length of the tube must be 


II A = ttDL 


5.11 m 2 
ttD 17(0.015 m) 


L = 4 = 


= 108.4 m 
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150°C 



20°C 

Water 
0.2 kg/s 


FIGURE 10-30 

Schematic for Example 10-9. 


Discussion Note that we obtained the same result with the effectiveness-N$| 
method in a systematic and straightforward manner. 


EXAMPLE 1 0-9 Cooling Hot Oil by Water in a Multipass Heat Exchanger^ 

Hot oil is to be cooled by water in a 1 -shell-pass and 8-tube-passes heat 111 
changer The tubes are thin-walled and are made of copper with an internal 
diameter of 1.4 cm. The length of each tube pass in the heat exchanger is sfrfil 
and the overall heat transfer coefficient is 310 W/m 2 • °C. Water flows through km 
tubes at a rate of 0.2 kg/s, and the oil through the shell at a rate of 0.3 kg/s. flip 
water and the oil enter at temperatures of 20°C and 150°C, respectively. Dete|§ 
mine the rate of heat transfer in the heat exchanger and the outlet temperatures! 

of the water and the oil. W 

%\ 

h$ 

Solution Hot oil is to be cooled by water in a heat exchanger. The mass floyyt 
rates and the inlet temperatures are given. The rate of heat transfer and the outlei 
temperatures are to be determined. ^ 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is,we|jj 
insulated so that.heat loss to the surroundings is negligible and thus heat transfer! 
from the hot fluid is equal to the heat transfer to the cold fluid. 3 The thickne^bl 
the tube is negligible since it is thin-walled. 4 Changes in the kinetic and potentia| 
energies of fluid streams are negligible. 5 The overall heat transfer coefficient | 
constant and uniform. RaT 

Li 

Analysis The schematic of the heat exchanger is given in Figure 10-30rfh 
outlet temperatures are not specified, and they cannot be determined fron^ 
energy balance. The use of the LMTD method in this case will involve tedious! 
iterations, and thus the e-NTU method is indicated. The first step in||68 
e-NTU method is to determine the heat capacity rates of the hot and cold flujdjj 
and identify the smaller one: 


Therefore, 


and 


C h = rh h C ph = (0.3 kg/s)(2.13 kJ/kg • °C) = 0.639 kW/°C 
C c = rh c C pc = (0.2 kg/s)(4.18 kJ/kg • °C) = 0.836 kW/°C 


C min = C h = 0.639 kW/°C 


c= ^ = 2|39 = a764 


n 

If 

ft 

u 


C max 0.836 

Then the maximum heat transfer rate is determined from Equation 10-32 to-be; ;| 

Qnax - Qnin(^,in ~ ^,in) ^ 

= (0.639 kW/°C)(1 50 - 20)°C = 83. 1 kW 

. m 

That is, the maximum possible heat transfer rate in this heat exchanger 
83. 1 kW. The heat transfer surface area is 

A = n(nDL) = 8it(0.014 m)(5 m) = 1 76 m 2 f; 

Then the NTU of this heat exchanger becomes 


Rp^^accuratelv 


effectivenesl^S 
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letermined ; 'frorjE 
will involve^eclroSsI 
3 first step^TnJ^SKS 
hot and cold fluiSsHI 


kWC 


W 


heat excharaerj 


(310W/m^°C)(1.76m^) 

c min 639 wrc -° 853 

Bpleffectiveness of this heat exchanger corresponding to C = 0.764 and 
fefj$'= 0.853 is determined from Figure 10-26cto be 


e = 0.47 


■pybould also determine the effectiveness from the third relation in Table 10-4 

ipl accurately but with more labor Then the actual rate of heat transfer 

Kfnes 
mm® 


0= sQ max = (0.47)(83.1 kW) = 39.1 kW 

Rfy. the outlet temperatures of the cold and the hot fluid streams are deter- 
fe&lto be 


lf J <5= c c {T Ct0Ut ~ r Ciin ) 


^c.out ~~ 7c, in q 


= 20°C + 


39.1 kW 
0.836 kW/°C 


= 66.8°C 


HO= C h (T h/in - 7"^ out) 


if 


7/7, out ^/7, in 


= 150°C - 


39.1 kW 
0.639 kW/°C 


88.8°C 


ffierefqre, the temperature of the cooling water will rise from 20°C to 66.8°C as it 


^oolsShe hot oil from 150°C to 88.8°C in this heat exchanger. 

gpjffl THE SELECTION OF HEAT EXCHANGERS 

■ H eat exchangers are complicated devices, and the results obtained with the 
pplified approaches presented above should be used with care. For exam- 
JS||e assumed that the overall heat transfer coefficient U is constant 
Iffioughout the heat exchanger and that the convection heat transfer coeffi- 
l^s/can be predicted using the convection correlations. However, it should 
E ^ pHn mind that the uncertainty in the predicted value of U can even 
Ej^dffO percent. Thus, it is natural to tend to overdesign the heat exchang- 
iMn order to avoid unpleasant surprises. 

Zjp^ transfer enhancement in heat exchangers is usually accompanied by 
wm^dsed pressure drop, and thus higher pumping power. Therefore, any gain 
E^tfje enhancement in heat transfer should be weighed against the cost of 
pipcqpmpanying pressure drop. Also, some thought should be given to 
P®; fluid should pass through the tube side and which through the shell 
iig^|ually, the more viscous fluid is more suitable for the shell side (larger 
|gge|area and thus lower pressure drop) and the fluid with the higher 
^S^fbr the tube side. 

«^Jliil ineers in indu stry often find themselves in a position to select heat 
gangers to accomplish certain heat transfer tasks. Usually, the goal is to 

m 


heat or cool a certain fluid at a known mass flow rate and temperatiif™ 
desired temperature. Thus, the rate of heat transfer in the prospective^ 
exchanger is 

which gives the heat transfer requirement of the heat exchanger beforehavui 
any idea about the heat exchanger itself. { 

An engineer going through catalogs of heat exchanger manufalup 
will be overwhelmed by the type and number of readily available offithe- 
shelf heat exchangers. The proper selection depends on several factors/ 

Heat TVansfer Rate 

This is the most important quantity in the selection of a heat exchanger 
A heat exchanger should be capable of transferring heat at the specified 
in order to achieve the desired temperature change of the fluid at the specifies 
mass flow rate. 


Cost 


Budgetary limitations usually play the most important role in the selection! 
heat exchangers, except for some specialized cases where "money isnc~~ 
ject." An off-the-shelf heat exchanger has a definite cost advantage - 
those made to order. However, in some cases, none of the existing heal 
changers will do, and it may be necessary to undertake the expensive! 
time-consuming task of designing and manufacturing a heat exchanger^ 
scratch to suit the needs. This is often the case when the heat exchange*?!* 
integral part of the overall device to be manufactured. lik 
The operation and maintenance costs of the heat exchanger are; 
important considerations in assessing the overall cost. j*§ 

Pumping Power 

In a heat exchanger, both fluids are usually forced to flow by pumps, oif 
that consume electrical power. The annual cost of electricity associated ; 
the operation of the pumps and fans can be determined from 

j^mping'powerx k>YjV*(Hjjurs^of operation, 
ereetriSS^ 

where the pumping power is the total electrical power consumed. | 
motors of the pumps and fans. For example, a heat exchanger that iny°^ 
1-hp pump and a f hp fan (1 hp = 0.746 kW) operating 8 h a day and|| 
a week will consume 2017 kWh of electricity per year, which will cost $f 
at an electricity cost of 8 cents/kWh. ;/ 

Minimizing the pressure drop and the mass flow rate of the flu _ 
minimize the operating cost of the heat exchanger, but it will maxirnj^ 
size of the heat exchanger and thus the initial cost. As a rule ofj^ 
doubling the mass flow rate will reduce the initial cost by half but- W? 1 
crease the pumping power requirements by a factor of roughly eighty? 


lypically, fluid velocities encountered in heat exchangers range between 
Wb& 7 m/s for liquids and between 3 and 30 m/s for gases. Low velocities 
j^lfelpful in avoiding erosion, tube vibrations, and noise as well as pressure 

mt 

|||id Weight 

^p^lly, the smaller and the lighter the heat exchanger, the better it is. This 
W^ecially the case in the automotive and aerospace industries, where size 
fcj^\yeight requirements are most stringent. Also, a larger heat exchanger 
l^^lly carries a higher price tag. The space available for the heat ex- 
K$ n ger in some cases limits the length of the tubes that can be used. 
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The Selection of 
Heat Exchangers 


e in the selection^ 


exchanger arefalsoi 


ppfype of heat exchanger to be selected depends primarily on the type of 
involved, the size and weight limitations, and the presence of any phase- 
j$ange processes. For example, a heat exchanger is suitable to cool a liquid 
[p||as if the surface area on the gas side is many times that on the liquid 
|a| -.On the other hand, a plate or shell-and-tube heat exchanger is very 
|^ble for cooling a liquid by another liquid. 

*J| 
^prials 

j»ihaterials used in the construction of the heat exchanger may be an 
Sportant consideration in the selection of heat exchangers. For example, the 
Stfmal and structural stress effects need not be considered at pressures be- 
p|f5 atm or temperatures below 150°C. But these effects are major consid- 
i^ons above 70 atm or 550°C and seriously limit the acceptable materials 
g^htheat exchanger. 

W temperature difference of 50°C or more between the tubes and 
ISSej^ell will probably pose differential thermal expansion problems and 
jgp|to be considered. In the case of corrosive fluids, we may have to select 
jS||nsive corrosion-resistant materials such as stainless steel or even tita- 
ppriif we are not willing to replace low-cost heat exchangers frequently. 

[Other Considerations 

Hffia| r are other considerations in the selection of heat exchangers that may 
Ejpjay not be important, depending on the application. For example, being 
|||frte/tf is an important consideration when toxic or expensive fluids are 
Iwpyed. Ease of servicing, low maintenance cost, and safety and reliability 
pB some other important considerations in the selection process. Quietness 
l|||e of the primary considerations in the selection of liquid-to-air heat 
Epingers used in heating and air-conditioning applications. 

ffm 

igXAMPLE 1 0-1 0 Installing a Heat Exchanger to Save Energy and Money 

Jgdairy plant, milk is pasteurized by hot water supplied by a natural gas fur- 
p^ifThe hot water is then discharged to an open floor drain at 80°C at a rate of 
P|pmin. The plant operates 24 h a day and 365 days a year The furnace has 
o||iciency of 80 percent, and the cost of the natural gas is $0.40 per therm 
iMerm = 105,500 kJ). The average temperature of the cold water entering the 
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80°C 


Hot 
water 



Cold 
-water 
-15°C 


FIGURE 10-31 

Schematic for Example 10-10. 


furnace throughout the year is 15°C. The drained hot water cannot be return'Jl§ 
the furnace and recirculated, because it is contaminated during the processf|l 
In order to save energy, installation of a water-to-water heat exchang||| 
preheat the incoming cold water by the drained hot water is proposed. Assuming! 
that the heat exchanger will recover 75 percent of the available heat in theffej 
water, determine the heat transfer rating of the heat exchanger that needs tfffl 
purchased and suggest a suitable type. Also, determine the amount of mlSj 
this heat exchanger will save the company per year from natural gas savingf| 

Solution A water-to-water heat exchanger is to be installed to transfer enSj 
from drained hot water to the incoming cold water to preheat it. The rate of$bf 
transfer in the heat exchanger and the amount of energy and money savedSf 
year are to be determined. ,L ~ 

Assumptions 1 Steady operating conditions exist. 2 The effectiveness dfH^ 
heat exchanger remains constant. - 

Properties We use the specific heat of water at room temperature, C p = 4.1WI 
kg • °C (Table A-9), and treat it as a constant. 

Analysis A schematic of the prospective heat exchanger is given in FjSH 
10-31. The heat recovery from the hot water will be a maximum when it leafl! 
the heat exchanger at the inlet temperature of the cold water. Therefore, 

- kg/s j(4.18 kJ/kg • °C)(80 - 15)°C 
= 67.9 kJ/s 

That is, the existing hot water stream has the potential to supply heat at ata||l 
67.9 kJ/s to the incoming cold water. This value would be approached|||M 
counter-flow heat exchanger with a very large heat transfer surface area. Al|S 
exchanger of reasonable size and cost can capture 75 percent of this heatJgffia 
fer potential. Thus, the heat transfer rating of the prospective heat exc haffl^ 
must be 

6 = eO max = (0.75)(67.9 kJ/s) = 50.9 kJ/s 

That is, the heat exchanger should be able to deliver heat at a rate of 50|||j|I 
from the hot to the cold water. An ordinary plate or shell-and-tube heat excfjj||jf 
should be adequate for this purpose, since both sides of the heat excf|||g| 
involve the same fluid at comparable flow rates and thus comparable heat^gpl 
fer coefficients. (Note that if we were heating air with hot water, we would r jSjJ 
specify a heat exchanger that has a large surface area on the air side.) 

The heat exchanger will operate 24 h a day and 365 days a year. The||^| 
the annual operating hours are % ~ ^ 

Operating hours = (24 h/day)(365 days/year) = 8760 h/year 

Noting that this heat exchanger saves 50.9 kJ of energy per second, theerj^Bj 
saved during an entire year will be ' 

Energy saved = (Heat transfer rate)(Operation time) 
= (50.9 kJ/s)(8760 h/year)(3600 s/h) 
= 1.605 x 10 9 kJ/year 


EffiM® SUMM 


is said to be 80-percent efficient. That is, for each 80 units of heat 
ragpy. the furnace, natural gas with an energy content of 100 units must be 
%§te l -the furnace. Therefore, the energy savings determined above result 
|^ihgs in the amount of 

_ ^ j ^ Energy saved = 1.605 x 10 9 kJ/year / 1 therm 

&# ave Furnace efficiency ~ ~ 0.80 \ 1 05,500 kJ 

= 19,020 therms/year 

jfferm = 105,500 kJ. Noting that the price of natural gas is $0.40 per 
tfif 'amount of money saved becomes 

Money saved = (Fuel saved) x (Price of fuel) 

= (19,020 therms/year)($0.40/therm) 
= $7607/year 

■retfhb installation of the proposed heat exchanger will save the company 
^ar, and the installation cost of the heat exchanger will probably be 
ygg^jjhe fuel savings in a short time. 
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Summary 


SUMMARY 

exchangers are devices that allow the exchange of heat between two 
vgthout allowing them to mix with each other. Heat exchangers are 
ijilugjg&red in a variety of types, the simplest being the double-pipe heat 
SgggjfS. In a parallel-flow type, both the hot and cold fluids enter the heat 
epEnfer at the same end and move in the same direction, whereas in a 
me^pw tyj^e, the hot and cold fluids enter the heat exchanger at opposite 
arHfflow in opposite directions. In compact heat exchangers, the two 
mtfve peijpendicular to each other, and such a flow configuration is 
crgssflow. Other common types of heat exchangers in industrial ap- 
Dll^Eons are the plate and the shell-and-tube heat exchangers. 

He^transfer in a heat exchanger usually involves convection in each 
iS^lSfconduction through the wall separating the two fluids. In the analy- 
o|j||t exchangers, it is convenient to work with an overall heat transfer 
^fMM* U or a total thermal resistance R, expressed as 


UA 


1 


U 0 A 0 


= R = 


+ R 


wall 


M* 


|Be subscripts i and o stand for the inner and outer surfaces of the wall 
j||rates the two fluids, respectively. When the wall thickness of the 
Ismail and the thermal conductivity of the tube material is high, the 
illation simplifies to 


u' 


h; h n 


Ui^U 0 . The effects of fouling on both the inner and the outer 
icesjof the tubes of a heat exchanger can be accounted for by 
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_1_ 

UA 


1 n 1 Rn 

= R = + + 

U 0 A 0 hjAi A ( 


2ukL A n 


where A t = ttD£ and A D = i?D 0 L are the areas of the inner a^butcf 
surfaces and R f i and R f o are the fouling factors at those surfaces. $fT^ ' 

In a well-insulated heat exchanger, the rate of heat transfer fromtKe 
fluid is equal to the rate of heat transfer to the cold one. That is, 


and 


£ = rh c C pc (T CtOUt - T cM ) = C c (r Ct0ut - T cM ) 


0, - ^hC p h(T h/m - 7\out) - C h (T hM - r A out ) 


where the subscripts c and A stand for the cold and hot fluids, res^g^y 
and the product of the mass flow rate and the specific heat of a fluid Slpg 
is called the heat capacity rate. js; * 

Of the two methods used in the analysis of heat exchangers, ihtioiman 
temperature difference (or LMTD) method is best suited for determining 
size of a heat exchanger when all the inlet and the outlet temperatures 
known. The effectiveness-NTU method is best suited to predict tiiefpei 
temperatures of the hot and cold fluid streams in a specified heat exc|^Hr 
In the LMTD method, the rate of heat transfer is determined from ^fF" 


where 


£ = UAAT^ 


Ar lm = 


AT, - AT, 


ln(A7VAr 2 ) 

is the log mean temperature difference, which is the suitable form pS 
average temperature difference for use in the analysis of heat exch^g^- 
Here AT r and AT 2 represent the temperature differences between:^! 
fluids at the two ends (inlet and outlet) of the heat exchanger. For c$ti^$ 
and multipass shell-and-tube heat exchangers, the logarithmic mean ^jS 
ature difference is related to the counter-flow one AT lmtCF as 


Ar lm = FAr lm>CF 

where F is the correction factor, which depends on the geometry of tp 
exchanger and the inlet and outlet temperatures of the hot and coW 
streams. 

The effectiveness of a heat exchanger is defined as 


where 


. 6 _ Actual heat transfer rate 

Maximum possible heat transfer rate 


£?max CmirSTh, in ?c,in) 


■n 


and C^n is the smaller of C h = m h C ph and C c = m c C pc . The effecti 
heat exchangers can be determined from effectiveness relations ortf 


T selection or design of a heat exchanger depends on several factors 
2^jie heat transfer rate, cost, pressure drop, size, weight, construction 
,^ierials, and operating environment. 
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